Introduction {#sec1-1}
============

Tuberculosis (TB) is a life threatening disease caused by *Mycobacterium tuberculosis* and has remained a major global public health problem ([@ref1]). About 9 million new cases of infection with TB and 2 million deaths due to TB are reported each year ([@ref2]). Despite the relatively high efficiency of BCG vaccine, its effectiveness in the adult pulmonary system and population of endemic regions remains controversial. This necessitates the development of a new vaccine against TB with higher efficiency than the currently available BCG ([@ref3]).

Recently, different vaccines such as *M. tuberculosis* mutants, recombinant BCG expressing various immunogenic antigens, subunit vaccines based on the highly immunogenic *M. tuberculosis* antigens, and DNA vaccine have been introduced ([@ref4]-[@ref6]). DNA vaccine is a simple way to introduce different antigens to the immune system, which is capable of inducing both cellular and humoral immune responses ([@ref7]). Previous studies have shown that Mtb32C and HBHA are highly immunogenic antigens. HBHA is a mycobacterial adhesin that binds to proteoglycan molecules on the surface of the lung epithelial cells ([@ref8], [@ref9]). HBHA participates in extrapulmonary dissemination of *M. tuberculosis* from lung to spleen. Previous studies have indicated that immunization with HBHA can induce a protection equal to that of BCG vaccination and can be used as a booster ([@ref10]-[@ref12]). Mtb32C is conserved in BCG and *M. tuberculosis*, and has specific epitopes (GAPINSATAM). Among MHC-1 restricted mycobacterial epitopes, Mtb32C can enhance CD8^+^ T-cell-dependent protective immunity and induce higher IFN-γ production ([@ref13], [@ref14]). In fact, IFN-γ has a key role in triggering cellular responses against intracellular pathogens such as *M. tuberculosis*. Consequently, it can be used as a specific antigen in IFN-γ production.

Prime-boost strategy is generally considered to be a promising way to enhance the efficacy of BCG ([@ref15]). Using this strategy, the designated vaccine containing highly immunogenic mycobacterial antigens is administered to BCG pre-treated animals. This vaccination regimen induces higher levels of protection against TB compared with BCG alone. In the current study, a DNA vaccine based on *mtb32C* and *hbha* genes was constructed, and its ability to stimulate the immune system alone and as a booster was evaluated in an animal model.

Materials and Methods {#sec1-2}
=====================

Pathogen-free female BALB/c mice between 6 and 8 weeks of age were obtained from Razi Vaccine and Serum Research Institute (Mashhad, Iran). All mice were kept under SPF conditions and maintained in accordance with the Ethical Policies of Mashhad University of Medical Sciences.

Plasmid construction {#sec2-1}
--------------------

Gene isolation, cloning, fusion, and plasmid construction were performed previously ([@ref16], [@ref17]). Briefly, Mtb32C and HBHA genes were isolated from *M. tuberculosis* H37Rv genome and were cloned into pCDNA3.1 (+). Restriction enzyme analysis and DNA sequencing confirmed the accuracy of the cloning procedure.

Transfection, RT-PCR, and Western blot {#sec2-2}
--------------------------------------

To confirm the *in vitro* expression of Mtb32C-HBHA fusion genes, the plasmid was transfected into HeLa cells (American Type Culture Collection Manassas, VA, USA) using lipofectamine transfection reagent according to the manufacturer's instructions (Invitrogen, USA). Then, 72 hr after transfection, the cells were treated with 0.5 ml trypsin (Invitrogen, USA) and were incubated for 10 min. Cell suspension was harvested and total RNA was extracted using RNX-Plus (SinaClon, Iran), as described previously ([@ref16], [@ref17]). Purified RNA was used for cDNA synthesis using cDNA synthesis kit (Pars Tous, Iran) and was amplified by PCR. To detect the presence of His-Tag marker in chimeric Mtb32C-HBHA protein (a marker of constructed rather than natural protein), Western blot method was performed using mouse anti-His Tag antibody as the primary antibody and peroxidase conjugated rabbit anti-mouse IgG as the secondary antibody (AbD SeroTec, USA).

Vaccination {#sec2-3}
-----------

A total of 40 female BALB/c mice were randomly divided into these groups (10 mice in each group): control (pCDNA3.1^+^ vector), vaccine (pcDNA3.1^+^-Mtb32C-HBHA), BCG and BCG prime plus booster vaccine (pcDNA3.1^+^-Mtb32C-HBHA). The BCG and BCG prime plus booster vaccine groups were firstly immunized subcutaneously with BCG (5×10^5^ CFU/PBS) (Pasteur institute, Iran) and then boosted three times intramuscularly with 100 μg designated vaccine at two-week intervals. The control group and vaccine groups were immunized three times intramuscularly at two-week intervals with 100 μg pCDNA3.1 (+) and recombinant vectors, respectively. Four weeks after the last immunization, all animals were sacrificed and their spleens were excised for further analysis ([@ref18]).

Cytokine assay {#sec2-4}
--------------

Four weeks after the third vaccination, the spleen lymphocyte was extracted from all vaccinated and negative control mice. The 3×10^5^ viable cells were cultured in 96-well microplates with RPMI 1640 medium (Invitrogen, USA) supplemented with 10% fetal calf serum (FCS), penicillin, and streptomycin in a total volume of 300 μl.

Splenocytes extracted from BCG vaccinated mice were cultured with different concentrations (0.5-5 mg/ml) of heat-killed *M. tuberculosis* H37Rv (MTB antigen) and 10^4^ 10^5^ CFU of live BCG bacterium (BCG antigen). The plates were incubated at 37 °C in a humidified incubator with 5% CO~2~ for 72 hr. After the stimulation, the supernatants were harvested and IFN-γ release assay was performed using ELISA kits (eBioscience, SanDiego, CA) according to the manufacturer's instructions. The maximum production of IFN-γ was seen in 0.5 mg/ml of MTB antigen and 2×10^4^ CFU of BCG antigen in PBS. Based on these results, all splenocytes extracted from all groups were stimulated with these antigen concentrations ([@ref19], [@ref20]).

The freshly isolated splenocytes were incubated with MTB and BCG antigens for three days. At the end of day three, cell supernatants (after centrifugation) were used for subsequent analysis.

The concentrations of IFN-γ, interleukin-4 (IL-4), IL-12, TGF-β, and IL-10 in the culture supernatants were evaluated by an ELISA kit (eBioscience, SanDiego, CA) following the manufacturer's recommendations. Assay sensitivity levels for IFN-*γ*, IL-12p70, IL-4, and IL-10 were 15 pg/ml, 15 pg/ml, 4 pg/ml, 30 pg/ml, and 8 pg/ml, respectively. The data were expressed as mean± standard deviation for each group of mice (eBioscience, SanDiego, CA).

Statistical analysis {#sec2-5}
--------------------

The normality of the acquired data was assessed by Kolmogorov-Smirnov test. All data were analyzed by SPSS19.0 software using two-way ANOVA, and *P*\<0.05 was considered statistically significant.

Results {#sec1-3}
=======

RT-PCR and Western blot to assess the expression of DNA construct {#sec2-6}
-----------------------------------------------------------------

Expression of the constructed DNA vaccine was first confirmed by RT-PCR to detect mRNA production, and was followed by Western blot to detect the recombinant Mtb32C-HBHA protein. The constructed Mtb32C-HBHA fusion protein was successfully expressed in the eukaryotic system. The amplified fragment using Mtb32C and HBHA specific primers demonstrated that recombinant vector could be transcribed in HeLa cell line. To assess the ability of vector in producing recombinant protein in cell culture system, Western blot technique and staining with specific antibodies and ECL detection reagent were used (abCam, UK) (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}).

![RT-PCR results on cDNA from transfected HeLa cells (lane numbers 2 and 5) and non-transfected cells (lane numbers 1 and 4); lane 3: 1 kb DNA size marker (Fermentas, Germany)](IJBMS-20-1119-g001){#F1}

![Western blot analysis of cell lysate from HeLa cells transfected with pCDNA3.1-Mtb32C-HBHA construct (lane 1) and untransfected cells (lane 2); lane M: protein size marker (Fermentas Company, Germany)](IJBMS-20-1119-g002){#F2}

Cytokine assay {#sec2-7}
--------------

Four weeks after the last immunization, the mice were sacrificed, and specific cytokine production (IFNγ, IL-10, TGF-β, IL-12 and IL-4) was evaluated by ELISA in the supernatant of the splenocytes cultures after *in vitro* stimulation with MTB (0.5 mg/ml) and BCG antigens (2×10^4^ CFU) for 72 hr. All mice vaccinated with Mtb32C-HBHA as a DNA vaccine, BCG and BCG-prime boosted with Mtb32C-HBHA (in the absence of adjuvant) produced high levels of IFNγ, IL-10, TGF-β, IL-12, and IL-4 compared to the control group of mice vaccinated only with pCDNA3.1 vector (*P*\<0.05).

Significant differences (at significance level of *P*\<0.001) were observed in all vaccinated groups (BCG, DNA vaccine, and BCG-vaccine) in the four examined cytokines in comparison with those in the control group.

As shown in [Figure 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}, significant differences were found between BCG-vaccine and vaccine and control groups at the significance level *P*\<0.001, while the difference between BCG and control group was at *P*\<0.05. The BCG-vaccinated mice boosted with Mtb32C-HBHA had a higher level of IFN-γ than other groups. Splenocytes from BCG-primed mice boosted with Mtb32C-HBHA produced substantially higher IFN-γ (265.73±119 pg/ml) than BCG-vaccinated mice (85.24±54 pg/ml), Mtb32C-HBHA vaccinated mice (144.78±37 pg/ml), and control mice (25.57±13 pg/ml). Significant differences between BCG-vaccine group and BCG and vaccine groups were at *P*\<0.01, while the difference between BCG and vaccine group was at *P*\<0.05. Also, IFN-*γ* cytokine was increased in all groups except the control group. The mice vaccinated with BCG plus Mtb32C-HBHA induced the highest levels of IFN-*γ* responses in the spleen. The combination of Mtb32C-HBHA and BCG significantly increased the expression of IFN-*γ* compared with BCG or Mtb32C-HBHA alone.

![The immune response to Mtb32C-HBHA after the last vaccination. The mice were divided into four groups and were immunized with BCG alone (BCG group), BCG/Mtb32C-HBHA (vaccine +BCG group), Mtb32C-HBHA alone (vaccine group), and empty vector (control group)\
The immune responses for IFN-γ (B), IL-10(B), IL-12(A), IL-4 (A), and TGF-β (A) after stimulation were quantified by ELISA. The results are expressed as mean±standard deviation for the mice per group, tested in triplicates. The two-way ANOVA test was used to analyze the results, and significant difference was set as *P*\<0.05](IJBMS-20-1119-g003){#F3}

###### 

Spleen cytokine profile in different groups of BALB/c mice

  Cytokine Vaccination groups   IL-12p70     IL-4       IL-10          IFN-γ        TGF-β
  ----------------------------- ------------ ---------- -------------- ------------ -----------
  Control                       6.54±2.18    3.64±.93   289.88±76.54   25.57±13     3.06±1.18
  Vaccine                       31.98±7.45   9.65±2.8   783.84 ±394    144.78±37    9.93±4.18
  BCG                           24.78±6.79   8.53±4.2   825.64±.454    85.24±54     8.53±1.88
  BCG-vaccine                   28.84 ±7.5   8.58±2.8   1142.43±.577   265.73±119   8.22±1.41

Four weeks after the third Mtb32C-HBHA injection, ten mice from each group were sacrificed and their spleen cells were cultured in the presence of MTB and BCG antigens. Levels of cytokines were measured in a 72 hr culture supernatant. Values are expressed in pg/ml and represented as mean± standard deviation. The mice were primed with BCG and then boosted with 100 μg Mtb32C- HBHA (BCG--HBHA) subcutaneously

The amount of IL-12 in the group receiving Mtb32C-HBHA vaccine (31.98±7.45) was higher than that of BCG (24.78±6.79), BCG-vaccine (28.84±7.54), and control (6.54±2.18) groups. Significant differences were observed only between BCG and vaccine group at *P*\<0.01.

In the case of IL-4 and TGF-β, no statistically signi-ficant differences were seen between BCG, BCG-vaccine and vaccine groups (*P*\>0.05), but there were significant differences between control group and other groups. IL-4 production levels of BCG (8.53±4.2), BCG-vaccine (8.58±2.8) and vaccine (9.65±2.8) groups were higher than that of the control (3.64±.93) group.

As shown in [Figure 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}, splenocytes from the mice receiving BCG (8.53±1.88), BCG-vaccine (8.22±1.41) and vaccine (9.93±4.18) showed higher TGF-β production than control (3.06±1.18) group and the group receiving just pCDNA3.1(+) vector.

The amount of IL-10 was significantly higher in BCG-vaccine group (1142.43±.577) than in BCG (825.64± .454), vaccine (783.84±394), and control (289.88± 67.54) groups. Furthermore, there were no significant differences between BCG and vaccine groups (*P*\>0.05), but significant differences were observed between BCG-vaccine group and other groups, including BCG and vaccine groups at *P*\<0.01.

Discussion {#sec1-4}
==========

The goals of WHO regarding TB infection are 50% reduction in TB mortality by 2015 and reduction of the incidence of new cases to less than one in a million people by 2050. These objectives are expected to be achieved to provide at least partially new drugs and more effective vaccines ([@ref21], [@ref22]). Producing more effective vaccines than BCG is a critical step in global TB control. Nevertheless, replacing BCG vaccine with other vaccines is not rational because BCG is more effective against severe forms of childhood TB. DNA vaccine has been considered an alternative candidate for inducing an immune response against TB. In animal models, DNA vaccine has provided satisfactory results, whereas DNA vaccines in human have comparatively lower immunogenicity. This defect can be resolved in the prime-boost strategy ([@ref4], [@ref23]). In this study, the constructed DNA vaccine was used alone and in combination with BCG in prime-boost strategy. Rouanet *et al*. showed that HBHA antibody titers were low during BCG vaccination. This indicates that despite the presence of *hbha* gene in BCG strain, it cannot be expressed. Therefore, the efficacy of BCG vaccine can be elevated by adding HBHA protein ([@ref24]).

Administration of pCDNA-Mtb32C-HBHA vaccine showed that it was safe and well tolerated. Other studies have provided evidence that HBHA can be used as a booster vaccine, and methylation in the C-terminal domain of mycobacterial HBHA plays an important role in T-cell stimulation ([@ref11], [@ref25]). This study showed that Mtb32C--HBHA without post-translational modifications is able to induce high levels of IFN-γ as a cellular immune response marker ([@ref13]). Indeed, Mtb32C could compensate this deficiency and could enhance HBHA immunogenicity ([@ref14]). Previous studies have shown that HBHA in the presence of a specific Th1 adjuvant is able to induce strong cellular immune responses against *M. tuberculosis*, identical to that of BCG ([@ref32]-[@ref34]). In the present study, the ability of pCDNA3.1-Mtb32C-HBHA vector to stimulate immune responses was evaluated in the absence of adjuvant. Mtb32C-HBHA fusion protein without C-terminal methylation and in the absence of an adjuvant could stimulate strong cellular immune responses in BALB/c mice. Mtb32C-HBHA induced a robust Thl response that is characterized by elevated levels of IL-12, IFN-γ, and TGF-β in contrast to low levels of IL-4. The findings of this research indicated that pCDNA-Mtb32C-HBHA construct could be used in heterologous prime boost regimen because in this strategy other cytokines which are necessary for development, magnitude and maintenance of T cells such as IL-12 and TGF-β were produced. This result is also consistent with the results of the study performed by Guerrero *et al*. in which high levels of IL-10 were observed ([@ref32], [@ref33]). Another study concluded that the absence of methylation pattern in HBHA affects T-reg cells function, but others suggested that after induction, Th1 cells are the main source of IL-10 production. Cellular immune response has a critical role against intracellular pathogens, including *M. tuberculosis*. Protection against TB is dependent on cellular immunity, so IFN-γ and IL-12 as intracellular pathogens have a pivotal role in protection against *M. tuberculosis* ([@ref26]-[@ref28]). Consistent with the results of previous studies, boosting Mtb32C-HBHA vaccination following BCG priming exhibited significant increase in IFN-γ and IL-12 levels compared to other groups. Previous studies have reported that elevation of TGF-β in the presence of IL-10 and IL-12 stimulates T-reg and memory T cells, respectively. Also in our study, all these cytokines were elevated compared to control group ([@ref29]). Spleen lymphocytes from all groups, which were stimulated by both antigens, produced significant amounts of IL12p70. High production of IL12p70 was observed in the group receiving only the constructed vaccine and in the group immunized by BCG- Mtb32C-HBHA vaccine in the prime-boost strategy. The highest rate of IL-12 was observed in the vaccine group, which indicated the designated vaccine can efficiently be expressed in the host cells and has the ability to promote antigen-presenting cells (APCs). Elevation of IL-12 along with TGF-β can trigger responses characterizing the effectors-memory T cells ([@ref30], [@ref31]). This study showed that administration of BCG in combination with DNA vaccine induced stronger Th1 immune response because IFN-γ was produced at greater levels than IL-4 by spleen lymphocyte upon *in vitro* stimulation. The Th1-type immune response has a key role in host response to *M. tuberculosis* infection. The obtained results strongly support this idea that vaccination with pCDNA3.1-Mtb32C-HBHA plasmid and use of prime-boost regimen enhance the immune response, which is turned toward Th1 type. In Prime-boost strategy, employing DNA vaccines has been shown to elicit stronger and more diverse cellular immune responses than BCG vaccine alone.

Conclusion {#sec1-5}
==========

It was shown that IFN-γ production in the mice primed with BCG and then boosted with DNA vaccine was more remarkable than those vaccinated only with BCG or vaccine. Indeed, this construct can induce not only high levels of IFN-γ but also other cytokines such as IL-12 and TGF-β. The profile of cytokine production by spleen cells showed that the vaccine is so strong that can stimulate the immune system. These findings indicate that prime-boost vaccination scheme is an efficient vaccination model against TB.
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